The prion diseases seem to be caused by a conformational change of the prion protein (PrP) from the benign cellular form PrP C to the infectious scrapie form PrP Sc ; thus, detailed information about PrP structure may provide essential insights into the mechanism by which these diseases develop. In this study, the secondary structure of the recom- 
Prion diseases are a novel class of neurodegenerative diseases, including scrapie in sheep; bovine spongiform encephalopathy in cattle; and kuru, Creutzfeldt-Jacob disease, GerstmannSträussler-Scheinker syndrome, and fatal familiar insomnia in humans (1, 2) . A substantial body of evidence has shown that the scrapie isoform of the prion protein (PrP Sc ) is the major component of prions (3, 4) . The prion protein (PrP) is composed of Ϸ250 amino acids and is encoded by a single chromosomal gene. Cellular PrP (PrP C ) is processed to remove a 22-amino acid N-terminal signal peptide and 23 C-terminal residues upon the addition of the glycosylphosphatidylinositol anchor to Ser-231. Residues 179 and 214 are linked by a disulfide bridge, and Asn-181 and Asn-197 are glycosylation sites in the native protein. The fundamental event in prion disease pathology appears to be the profound conformational change during conversion of PrP C to PrP Sc (5, 6) . To understand the conformational transition that accompanies PrP Sc formation, a knowledge of the three-dimensional structure of the PrP is essential. CD and Fourier transform infrared studies suggest that conversion of ␣-helices into ␤-sheets features in the formation of PrP Sc (5) . Recently, the solution structure of a mouse PrP fragment, MoPrP(121-231), was reported to contain three ␣-helices and two short antiparallel ␤-strands (7, 8) . Although MoPrP(121-231) contains a significant portion of a minimal region of the proteaseresistant core (residues 90-231) that can mediate disease, the fragment lacks the biologically important N-terminal octarepeat region ([P(Q͞H)GGG(G͞-)WGQ]x5) and does not contain all of the sites of pathologic point mutations (9) . The recent NMR structure of the Syrian hamster (SHa) PrP(90-231) (10) corresponding to the 27-30-kDa infectious core of PrP Sc (designated PrP [27] [28] [29] [30] indicates that the longer fragment also contains three helices and a short, irregular twostrand ␤-sheet. All three helices are longer in PrP(90-231) than those in MoPrP(121-231). In addition, the disordered loop between the last two helices in MoPrP(121-231) shows a greater degree of order in the structure of PrP(90-231), and residues 113-125 show some interactions with the folded core of the protein. The octarepeat region is not present in either MoPrP(121-231) or PrP(90-231), but an increased number of octarepeats is known to cause inherited prion disease (11) (12) (13) . Because PrP can adopt two or more conformations, it is unclear whether the residues corresponding to MoPrP(121-231) will display context-dependent structural behavior in the full protein.
We report here a structural study by NMR of a recombinant SHa PrP ) that represents the entire protein, including the octarepeats. The largely conserved octarepeat region may play an important role in the conversion of PrP C to PrP Sc , either by participation in the profound conformational change, or in nonspecific binding to membranes (14) in the subcellular compartment where the conversion takes place (15) . An earlier study of an octarepeat peptide by CD spectroscopy suggested that the repeat region adopts a nonrandom, extended conformation with the properties of a poly-L-proline left-handed helix (14) . In the present paper the secondary structure of full-length SHa PrP(29-231) has been determined, and the dynamic properties of the protein backbone have been measured. We postulate a plausible role for the octarepeat region in prion disease pathogenesis. During the preparation of this paper, a report describing a preliminary analysis of the NMR spectrum of MoPrP(23-231) appeared (16) . The present paper describes an extensive analysis of the full-length SHa PrP(29-231), including complete backbone resonance assignments obtained from triple-resonance experiments and measurements of polypeptide chain dynamics.
MATERIALS AND METHODS
Protein Expression and Purification. Expression of both recombinant SHa PrP and PrP(90-231) was accomplished by using a secreted ph041 vector driven by an alkaline phosphatase promoter in a protease-deficient strain of Escherichia coli (27C7). Expression of the proteins was induced about 9 hr postinoculation by phosphate depleting of the growth medium. Uniform isotopic labeling of the protein was done by minimal modifications of the protocol described earlier (17) . The bacterium was grown overnight in a shaker flask containing 100 ml of Celtone microbial growth media labeled with either 15 C-labeled sample about 0.6 mM for PrP . The final concentration for 15 N-labeled PrP(90-231) used in the heteronuclear nuclear Overhauser effect (NOE) experiments was about 1 mM. The spectrometers used in the study were Bruker DMX 750 for the 15 N and 13 C separated NOE spectroscopy (NOESY) experiments and Bruker DRX 600 and AMX 600 instruments for all other triple-resonance experiments. All spectrometers are equipped with 5-mm triple-axis gradient triple-resonance probes and an 8-mm actively shielded Z-gradient probe for the DRX 600 instrument. For backbone and side-chain resonance assignments, the following experiments were carried out: twodimensional 15 N and 13 C heteronuclear single-quantum coherence (HSQC) (18, 19) , three-dimensional HNCA (20) , HNCACB (21) , CBCA(CO)NH (22) , 15 (27), and HB-HA(CBCACO)NH (28) . All experiments were modified for samples dissolved in 90% H 2 O with sensitivity-enhanced gradient coherence selection (29, 30) and minimal water saturation (31 (32) for both PrP(29-231) and PrP(90-231) were carried out on both Bruker DRX 600 and AMX-II 500 spectrometers. Two data sets were acquired for both PrP(29-231) and PrP(90-231). In each data set, two experiments with and without proton saturation were carried out. The final NOE values were calculated from the ratio of the saturated intensities divided by the unsaturated intensities from each data set. The mean values from the two data sets then were calculated, and the error bars were taken to be the difference between the values from the two data sets. All NMR data were processed and analyzed by using FELIX95 (Molecular Simulations, San Diego, CA) that was run on Silicon Graphics (Indigo and O2) computers. All spectra were referenced relative to 2,2-dimethyl-2-silapentane-5-sulfonate, directly for 1 H and indirectly for 13 N resonances of the protein were obtained by using a combination of C ␣ -and CO-based triple-resonance experiments. In the C ␣ -based approach, combined use of HNCACB and CBCA(CO)NH experiments allowed about 80% of the amide proton and nitrogen resonances of residue i to be correlated with the C ␣ and C ␤ chemical shifts of residues i and i-1. Sequential connectivities not identified in the above combination because of low sensitivity of the HNCACB experiment were made by using HNCA and CBCA(CO)NH experiments. Ambiguities caused by C ␣ degeneracy were resolved by the CO-based triple-resonance experiments [HNCO and (HCA)CO(CA)NH] that take advantage of the large intrinsic dispersion of carbonyl chemical shifts (34) . In these experiments, the amide proton and nitrogen resonances of residue i were correlated with the carbonyl chemical shifts of residues i and i-1. Side-chain H ␣ and H ␤ resonances were obtained by using the HBHA(CO)NH experiment in conjunction with the 15 N-TOCSY-HSQC and 15 N-NOESY-HSQC experiments. Resonance assignments were verified by using sequential through-space connectivities in 15 N-resolved NOESY spectra. The combined use of these experiments yielded complete backbone assignments except for the Nterminal Gly-29. Complete C ␣ assignments were achieved except for Leu-130, and 97% of C ␤ and 98% of CO resonances were assigned, as were 93% of H ␣ resonances. Assignments of the aromatic ring protons have not been made at this point. The assignments for PrP(90-231) were obtained as described (10) .
Resonances of corresponding residues in four of five octarepeats (PHGGGWGQ) essentially were unresolved. The first octarepeat has a slightly different sequence (PQGGGT-WGQ) from the other four, and the GTW portion could be assigned sequence-specifically. Residues in the same position in the remaining four octarepeats were degenerate in all frequencies and gave one intense cross peak in C ␣ and H ␣ , C ␤ , and H ␤ (if any), N, NH, and even CO resonances. Comparison of the intensity of amide proton͞nitrogen cross peaks in the 15 N HSQC spectrum with residues on either side of the octarepeat region gave the expected 1:4 intensity ratio. (38, 39) suggests whether the residues are involved in ␣-helices or ␤-sheets in proteins. The presence of secondary structure elements then can be verified from short-range and medium-range NOEs that are indicative of different types of secondary structures (40) . (7) and PrP(90-231) (10) between residues 129-131 is present in a ␤-conformation (Fig. 1) , although interpretation of the data is complicated by missing assignments caused by exchange-broadened resonances in this region. On the other hand, there is evidence in the form of a single long-range NOE between the NH protons of residues 129 and 163 for a close contact between the 129-131 and 160-163 regions of the polypeptide; there is no such contact evident between 160-163 and 137-140, the ␤-region identified by the chemical shifts. For the octarepeat region, the NOEs remain ambiguous because of degeneracy in proton chemical shifts and are not shown in Fig. 2 .
To investigate the possible influence of the additional 61 residues in PrP(29-231) upon the structure of PrP(90-231), a comparison was made of the chemical shift assignments from the two proteins. The C ␣ chemical shift differences are shown in Fig. 3 . In addition to the expected chemical shift difference for the residues at the N terminus of PrP(90-231), residues 187-193 display consistent and significant differences (greater than 0.3 ppm) between PrP(29-231) and PrP(90-231). Amide protons and nitrogens also give the most significant changes in chemical shifts for residues 187-193, with amide nitrogen shift differences greater than 0.2 ppm in this region. Most of the C ␣ and amide nitrogen chemical shifts show differences less than Ϯ 0.1 ppm between the two proteins.
Backbone Dynamics of PrP(29-231) and PrP(90-231). Heteronuclear [ 1 H]-

15
N NOE experiments were carried out to assess the f lexibility of PrP(29 -231) and PrP(90 -231). PrP(29-231) contains 13 prolines and an N-terminal amino group not available for heteronuclear NOE measurements. Amide peaks from 14 residues are severely overlapped, and the intensities could not be reliably measured. In addition, residues L130 and G131 give very weak signals and also were excluded from the NOE measurements. Of the 188 amide peaks, 172 heteronuclear NOEs are included in the analysis. For PrP(90-231), apart from prolines, residues 146, 162, 184, and 189 were excluded because of severe overlap of the peaks.
The heteronuclear NOE data are shown for PrP(29-231) and PrP(90-231) in Fig. 4 A and B , respectively. As can be seen from Fig. 4A , the 500-MHz heteronuclear NOE values for residues 31-124 of PrP(29-231) are all negative, typically Ϫ0.5. Amides in the octarepeat region give similar NOE values to those on both sides of the region. The periodicity shown for residues 59-91 arises because the NOE values were approximated by dividing (by 4) the volumes of the degenerate cross peaks corresponding to residues in analogous positions in the four octarepeats. By contrast, strong positive NOEs (typically over 0.65) are observed for residues 134-223. The C-terminal residues 228-231 give very small positive or negative NOEs. In addition, residues 190-197, corresponding to the loop between helix B and helix C have relatively lower positive NOE values. The heteronuclear NOEs obtained at 600 MHz gave comparable magnitudes, and the change in the sign of the NOEs occurs again at residue Gly-124. The linewidth of the amide peaks in the HSQC spectrum for the N-terminal region is about 6 Hz narrower than those in the core region. In addition, residues 129, 130, and 131 give very weak signals in all two-dimensional and three-dimensional experiments, presumably caused by exchange broadening of these amide peaks. The 
DISCUSSION
For the identification of secondary structure elements, the H ␣ -based and 13 C-based CSI analyses were used. By using the majority rule (two of three or three of four) (37) and considering that 13 C ␣ chemical shift has the highest predicting power, we unambiguously have identified three ␣-helices, with helix A spanning residues 144-156, helix B including residues 172-193, and helix C containing residues 200-227. By using a consensus from C ␣ , CO, and H ␣ CSI a 92% confidence in prediction has been reported (37) . Furthermore, the helical residues as indicated by CSI analysis are almost identical to those derived from medium range [␣N(i, iϩ3) and ␣N(i, iϩ4)] NOEs (Fig.  2) . The lengths of the three helices derived for SHa PrP ) are similar to those reported for PrP(90-231) (10) but are different from those of MoPrP(121-231) (7, 8) . In MoPrP(121-231), the three helices A, B, and C span residues 144-154, 179-193, and 200-217, respectively (7). The differences in the lengths of the three helices presumably are caused by the absence of critical residues in MoPrP(121-231) (10) . In addition, the differences in buffer conditions and the more acidic pH for the study of MoPrP(121-231) also may have contributed to the variations in secondary structure.
The chemical shift and NOE-derived helices of PrP(29-231) are very similar to those in the recently determined NMR structure of PrP(90-231) (10) . A short antiparallel ␤-sheet has been reported for MoPrP(121-231) (7) and an irregular ␤-sheet for SHa PrP(90-231) (10) . All of the chemical shift indices suggest a ␤-strand between residues 160 -163 of PrP . However, the location of the other strand is not clear from the chemical shift data, with the segment between residues 137-140 being the only region where both the C ␣ and CO chemical shifts suggest a possibility of a ␤-strand. In the reported NMR structures of MoPrP(121-231) and PrP(90-231), the ␤-sheet consists of residues 161-164 and 128-131; the presence of this latter strand in PrP(29-231) cannot be inferred from the CSIs. Whether this discrepancy reflects poor predictive power of the CSI index method in this case, where the ␤-strands are short and some assignments are missing, or whether it shows the presence of small populations of alternative conformations for the prion proteins in the presence of the 29-129 region must await further structural work on PrP(29-231). Residues 137-140 might simply be in an extended conformation that fulfills the geometric characteristics of a ␤-strand. It has been speculated that the short ␤-sheet in the MoPrP(121-231) serves as a nucleation site for the conversion of PrP 
FIG. 2.
Sequential and medium-range NOEs used to verify the secondary structure elements derived from CSI analysis. NOEs between amide protons of consecutive residues and between H ␣ and the amide proton of subsequent residues are represented by bars connecting the residues. For NN(i, iϩ1) and ␣N(i, iϩ1) NOEs, the thickness of the bar qualitatively represents the relative intensity (weak, medium, or strong) of the NOE. The NOEs for four octarepeats are not shown because they were assigned only to residue types in the repeat region because of overlap. The three unambiguously identified ␣-helices also are shown.
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Proc. Natl. Acad. Sci. USA 94 (1997) 13455 these residues are within the structured core.  corresponding to the loop between helix B and helix C, have smaller, but still positive, NOE values, indicating these residues are relatively more flexible than those in regular secondary structure. Five residues at the C terminus of both PrP and PrP(90-231) are flexible, a property common to the termini of many proteins. The region from 90-124 is clearly flexible in both PrP and PrP(90-231), with large negative NOEs and local correlation times less than 1 ns, indicating that these residues do not form part of any stable secondary or tertiary fold and are highly flexible (43) . The flexibility of the various parts of the polypeptide chain in PrP(29-231) is shown schematically in Fig. 5 . The presence of a folded C-terminal domain of residues 124-231, with disorder in the remainder of the chain, also has been noted in MoPrP(23-231) (16) . The octarepeat region (five repeats in most species) is a functionally important section of the PrP (9) . Addition of two, four, five, six, seven, eight, nine, and 18 octarepeats in humans results in an inherited prion disease (11) (12) (13) . One additional octarepeat has been reported in some cattle but it does not seem to alter the susceptibility of those animals to bovine spongiform encephalopathy (44, 45) . Deletion of one repeat in humans creates a polymorphism that apparently does not cause disease (9) . From a structural viewpoint, it is clear that the presence of the 61 additional residues in PrP(29-231), relative to PrP(90-231), does not have a significant effect on the secondary structure elements. In particular, residues 90-124 remain highly flexible in the full-length protein. This is consistent with recent studies of the antigenic structures of PrP C and PrP Sc , which document that the structure of the region between 90-124 varies between the cellular and scrapie isoforms whereas the C-terminal region is unaltered (46) . The only major difference between PrP(29 -231) and PrP(90-231) is an apparent consistent difference in 13 C ␣ chemical shifts for residues [187] [188] [189] [190] [191] [192] [193] (Fig. 3) , suggesting that stabilization of helical structure has occurred in helix B in PrP . This effect may well be caused by transient tertiary interactions between the N-terminal residues containing the octarepeats and helix B in the longer fragment.
Although the function of the octarepeat region remains uncertain, several possibilities can be re-evaluated in light of our structural observations. First, the octarepeats may participate in binding to the membrane or another protein. In either case, the flexibility of this region, as documented by heteronuclear NOE data, would facilitate binding to a partner macromolecule. Alternatively, the octarepeats may be in an apoprotein conformation that will adopt a more organized structure in the presence of a cofactor. Candidates for this cofactor would include Cu(II) (J. Stöckel, F.E.C., and S.B.P., unpublished observations). Finally, in spite of the flexibility of this region, chemical shift data indicate that the 29-125 region stabilizes the conformational ensemble of the helix between residues 187 and 193. This region is important in PrP C ͞PrP Sc recognition but also must serve a normal physiologic function. Although the function of PrP remains unknown, the large unstructured N terminus of PrP(29-231) might provide a clue to its function. Although it is unusual for almost half of any protein to be unstructured, the phenomenon is not unprecedented. Whether the discovery of the unstructured N terminus of full-length PrP will provide insight into the function of PrP C remains to be established, but this highly flexible region probably provides the plasticity required for the conformational transition of PrP C into PrP Sc . Studies with recombinant mAbs support this postulate in that epitopes located at the N terminus, but not the C terminus, of PrP Sc are buried whereas epitopes throughout native PrP C are accessible (46) .
We conclude from an analysis of four relevant NMR studies of PrP C molecules (refs. 7, 10, and 16, and this work) that 29-124 forms a flexible region, and that 125-231 forms a disulfide-bridged three-helix bundle. A small amount of context-dependent ␤-structure may exist in PrP C , but its relevance is uncertain. The flexible regions are clearly biologically important, if only in the process of conversion from PrP C to PrP Sc . It is not clear whether they participate in the normal cellular function of the PrP in the same unstructured state. Comparison of biologically inactive (121-231) and active (90-231) fragments of PrP C highlights the role of the 165-175 loop in PrP Sc replication, which may be mediated by another factor, termed protein X (47) . The surface of PrP C contains distinct PrP Sc and protein X recognition domains that are constructed from spatially proximal, but sequentially distant regions of the polypeptide chain. PrP Sc recognizes a surface that includes residues from the regions 90-144 and 180-205, whereas protein X recognizes an antipodal surface that includes residues from the regions 160-180 and 205-231 (48) . Thus, the biological and structural data presently available on the PrPs indicate that conversion of PrP C to PrP Sc is a complex process that involves context-dependent conformational changes in the N-terminal region of the protein (46) . The discovery that this region is largely unstructured in solution is important for our understanding of the conversion process, because the energy barrier to the formation of the ␤-sheet containing PrP Sc will be much lower from an initial ''random coil'' than from a structure that already contains stable secondary structure.
